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INTRODUCTION 

The Athabasca o i l  sand and i t s  f r a c t i o n s  a r e  known t o  be t h e r m a l l y  uns tab le  and 
s e n s i t i v e  t o  a i r  (1-2). 
I t  has been r e p o r t e d  t h a t  o x i d a t i o n  o f  bitumen generates h i g h  mo lecu la r  weight  mate- 
r i a l  (3). The h i g h  s u s c e p t i b i l i t y  o f  t h e  o i l  sand t o  ae rob ic  o x i d a t i o n  c o u l d  have 
p r a c t i c a l  re levance  w i t h  r e g a r d  t o  t h e  su r face  s t r i p  min ing and p r o c e s s a b i l i t y  o f  t h e  
o i l  sand. Apar t  f rom i t s  i n f l u e n c e  on t h e  q u a l i t y  o f  t h e  product ,  t h e  phenomenon i s  
a l s o  r e l e v a n t  t o  t h e  o r i g i n ,  h i s t o r y ,  thermal  and m i c r o b i a l  m a t u r a t i o n  o f  t h e  depos- 
i t s  and a l s o  t o  t h e  in situ f i r e - f l o o d i n g  recovery technology o f  t h e  o i l  sand. 

Resu l t s  o f  l a b o r a t o r y  and f i e l d  experiments on the  p r o d u c t i o n  o f  crude o i l  by 
in situ f o rward  and reve rse  combustion have been r e p o r t e d  (4-7). However, q u a n t i t a -  
t i v e  s t u d i e s  o f  t h e  parameters r e l a t e d  t o  t h e  chemical aspects o f  these processes, 
such as o x i d a t i o n  k i n e t i c s ,  have n o t  been performed. 

temperatures a r e  d i f f i c u l t  t o  d e t e c t  by a n a l y s i s  o f  t h e  b u l k  composi t ion b u t  t hey  can 
be e a s i l y  mon i to red  by measuring t h e  gaseous and h i g h l y  v o l a t i l e  m a t e r i a l s  which a re  
produced theref rom. 

The p resen t  s tudy  was undertaken i n  o r d e r  t o  g a i n  an i n s i g h t  i n t o  t h e  o x i d a t i o n  
and weather ing processes t a k i n g  p lace  i n  t h e  A l b e r t a  o i l  sand. 

They r e a c t  w i t h  mo lecu la r  oxygen even a t  l ow  temperatures. 

The chemical t rans fo rma t ions  i n  t h e  o i l  sand due t o  o x i d a t i o n  r e a c t i o n s  a t  low 

EXPERIt-IENTAL 

The h i g h  vacuum apparatus employed i n  t h i s  s tudy  was s i m i l a r  t o  t h a t  used pre- 
v i o u s l y  (1-2). The exper imenta l  d e t a i l s  f o r  t h e  c o l l e c t i o n  and a n a l y s i s  o f  gases 
and t h e  v o l a t i l e  m a t e r i a l s  have a l s o  been desc r ibed  (1-2). About 130 g Athabasca 
o i l  sand was p laced i n  a 500 cm3 Pyrex vessel f i t t e d  w i t h  a breakseal  and seve ra l  
1 cm3 ampoules. 
room temperature f o r  one hour. Oxygen was then  in t roduced  i n t o  t h e  vessel a t  about 
150 t o r r ,  t h e  vessel was sealed o f f  and heated t o  t h e  d e s i r e d  temperature i n  a s i l i -  
cone o i l  bath. The vessel was shaken i n t e r m i t t e n t l y  and t h e  ampoules were sealed a t  
des i red  t i m e  i n t e r v a l s  and analyzed f o r  oxygen on a 2.4 m mo lecu la r  s ieve  column. 
The samples heated a t  130°C i n  t h e  absence and presence o f  oxygen were analyzed f o r  
both non-condensable and condensable m a t e r i a l s  a t  -196°C. 
dures f o r  b i tumen and f o r  t h e  separa t i on  of asphal tene and mal tene f r o m  t h e  o i l  sand 
samples were f o l l o w e d  (8).  
i n  the  M i c r o a n a l y t i c a l  Labora to ry  o f  t h e  Chemistry Department. 

Between 5 and 10 g bitumen, asphal tene o r  mal tene was i n t r o d u c e d  i n t o  a 250 cm3 
Pyrex vessel. 
j o i n t  on t h e  o t h e r  end through which i t  was a t tached  t o  another  Hoke va l ve  f i x e d  t o  
t h e  vacuum apparatus. The volume enclosed between t h e  two Hoke va l ves  was used as a 
sampler. A l l  samples were evacuated u n i f o r m l y  a t  ambient temperature be fo re  i n t r o -  
d u c t i o n  of  250 t o r r  oxygen. The oxygen concen t ra t i on  was determined by t r a n s f e r r i n g  
i t  from t h e  sampler i n t o  t h e  gas b u r e t t e  and i n j e c t i n g  i t  i n t o  t h e  g ~ .  The s i l i c o n e  o i l  
bath was used t o  heat  samples a t  137°C. Fo r  h i g h e r  temperatures, an e l e c t r i c  furnace 
equipped w i t h  a 2-mode A P I  Inst rument  Co. temperature c o n t r o l l e r  and a Hewlett-Packard 
3420 A d.c. d i f f e r e n t i a l  v o l t m e t e r  was employed. The consumption o f  oxygen was f o l -  
lowed by expanding oxygen f rom t h e  vessel  i n t o  t h e  sampler a t  d e s i r e d  t ime  i n t e r v a l s  
and measuring the  c o n c e n t r a t i o n  as desc r ibed  above. 

The vessel was a t tached  t o  the  vacuum apparatus and degassed a t  

Standard e x t r a c t i o n  proce- 

Elemental analyses f o r  C, H, N, 0 and S were performed 

The vessel was j o i n e d  t o  a Hoke v a l v e  f i t t e d  w i t h  a s tandard tape r  

91 



RESULTS AN0 DISCUSSION 

The presence of oxygen has an enhancing e f f e c t  on the  r a t e  of t h e  low tempera- 
t u r e  thermolysis of t h e  Athabasca o i l  sand, bitumen, asphaltene and maltene. 
product y ie lds  obtained from heating o i l  sands a t  130'C f o r  24 hours in the  absence 
a n d  presence of  oxygen a r e  presented i n  Table I. The products include C l - C ,  hydro- 
carbons including neopentane, CH3CH0, CO,  C02 , COS and H2S. 
oxygen, CH3COCH3 and SO2 a r e  produced in addi t ion t o  these compounds. 
the acetone peak masked the  C 5  hydrocarbon peaks and consequently the  l a t t e r  could 
not be determined accurately.  
r a t e s  of production of hydrocarbons a r e  increased by f a c t o r s  ranging from 2 t o  70, 
those of the apparent oxidat ion products by up  t o  500, and H2S i s  probably converted 

a r e  given in  Table 11. The product d i s t r i b u t i o n  i s  s imi la r  t o  t h a t  from the  whole 
Oil sand (Table I ) ,  but the r a t i o s  of the product y i e l d s  in  the presence and absence 
of oxygen a t  207' a r e  higher than those a t  137°C. The r a t e s  of production of hydro- 
carbons a t  207°C i n  the  presence of  oxygen a r e  increased by fac tors  u p  t o  100 and 
those of the apparent oxidat ion products, by up t o  170. Oxidation of asphaltene and 
maltene a t  172°C produced s i m i l a r  r e s u l t s .  

Although many d e t a i l s  of the complex react ion network involved i n  the  oxidat ion 
of hydrocarbons by molecular oxygen have not y e t  been elucidated,  i t  i s  commonly ac- 
cepted t h a t  a chain mechanism i s  operat ive and t h a t  one of the f i r s t  products formed 
i s  a hydroperoxide which may be oxidized f u r t h e r  o r  decompose thermally, thereby 
i n i t i a t i n g  new chains (9,lO). 
t h a t  peroxides, a lcohols  and carbonyl compounds a r e  intermediate products whose time 
p r o f i l e  concentrations pass t h r o u g h  a maximum (11) .  I t  i s  a l so  known t h a t  these 
intermediates a re  responsible  f o r  the  enhanced y ie lds  of hydrocarbons and oxygenated 
compounds i n  the  thermolysis of hydrocarbons in  the  presence of oxygen (9-11). 
enthalpy changes o f  the  oxidat ion and combustion react ions leading t o  the  observed 
end products range between 80 and 105 kcal per mol of oxygen (7) .  

bitumen, asphaltene and maltene could also be explained by such a general mechanism, 
where the i n i t i a l  react ion between the organic f r e e  rad ica ls  formed by thermolysis 
and molecular oxygen t o  form a hydroperoxy radical  

The 

I n  the presence of 
Unfortunately, 

I t  i s  evident  t h a t  in  the presence of oxygen, the 

t o  s02. 
The thermolysis products obtained from heating bitumen a t  137", 172" and 207°C 

A t  100" and  130°C Kovalev and Denisov (11)  reported 

The 

The  eff ic iency of oxygen i n  the low temperature thermolysis of the o i l  sand, 

R. + 02 -+ R02. 
i s  followed by the chain propagating s teps  

R O p .  i- RH -t ROOH + R 
R02-  i- C = C  -+ ROOC-c 
ROOH -+ RO-  + HO. 

Typical chain terminating s t e p s  could be 

1)  

5) 
3r products 6 )  

7) 
The combustion type reac t ions  i n  our  system wi l l  produce addi t ional  amounts of hydro- 
carbons, carbon monoxide, carbon dioxide and water. 

A simple mechanism f o r  t h e  oxidation o f  hydrogen s u l f i d e  t o  s u l f u r  dioxide could 
be expressed as follows: 

HZS + 02 -+ H20 + SO 
2so + 02 3 2sop 

8) 
9 )  

The overal l  heat of oxidat ion i s  exothermic by about 124 kcal per mol. 
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The r a t e s  o f  consumption o f  oxygen by t h e  o i l  sand were s t u d i e d  a t  v a r i o u s  tem- 
pe ra tu res  between 24" and 130°C. 
semi- logar i thmic p l o t s  of t h e  concen t ra t i on  o f  oxygen i n  t h e  gas phase as a func t i on  
o f  t ime  a t  each temperature f o l l o w  f i r s t  o r d e r  r e a c t i o n  k i n e t i c s .  The h a l f - l i v e s ,  
i.e., t ime r e q u i r e d  f o r  one -ha l f  o f  oxygen t o  be used up, v a r y  between 111 days a t  
24" and 0.6 hours a t  130°C. The r a t e  constants ,  k, were es t ima ted  from t h e  s lopes  
o f  these p l o t s  and Equat ion 10 was used f o r  t h e  Arrhenius p l o t  o f  I n  k versus 1/T: 

where k i s  t h e  r a t e  constant ,  A t h e  p reexponen t ia l  f a c t o r ,  Ea t h e  a c t i v a t i o n  energy, 
R t h e  gas cons tan t  and T i s  t h e  temperature i n  OK.  

The A r rhen ius  parameters es t ima ted  f rom t h e  p l o t  a re  temperature dependent 
(Table 111). Around room temperature, t h e  r a t e  o f  d e p l e t i o n  o f  oxygen f e a t u r e s  a 
lower  a c t i v a t i o n  energy and preexponent ia l  f a c t o r  t han  a t  t h e  h i g h e r  temperatures. 
The temperature dependence o f  t h e  r a t e  parameters i s  i n d i c a t i v e  o f  changes i n  t h e  
r e a c t i o n  mechanism and suggests a l a r g e l y  sur face-cata lyzed,  1 .e., heterogeneous 
r e a c t i o n  network a t  t h e  lower  temperature, changing over t o  n o n - c a t a l y t i c  gas phase 
r e a c t i o n s  a t  t h e  h i g h e r  temperatures. 
a t u r e  from 24" t o  130°C b r i n g s  about a 4000- fo ld  r a t e  i nc rease  i n  oxygen uptake. 
l a s t  column o f  Table 111 l i s t s  t h e  t i m e  r e q u i r e d  t o  d e p l e t e  99 pe rcen t  o f  oxygen 
added a t  each temperature and i s  e q u i v a l e n t  t o  7 h a l f - l i v e s .  

Bousaid and Ramey determined t h e  r a t e s  o f  oxygen disappearance i n  t h e  13.9" A P I  
Athabasca crude a t  23", 38" and 52°C and found them t o  f o l l o w  f i r s t  o r d e r  r e a c t i o n  
k i n e t i c s  (5). 
12.7 kca l  p e r  mol which i s  i n  agreement w i t h  o u r  va lue  o f  1 3  k c a l  p e r  mol. However, 
t h e  r a t e  cons tan ts  and preexponent ia l  f a c t o r  es t ima ted  f rom t h e i r  da ta  a r e  l a r g e r  
than ours by about two o rde rs  o f  magnitude. 
energ ies f o r  t h e  o x i d a t i o n  o f  hexadecane by mo lecu la r  oxygen i n  t h e  temperature 
ranges looo-120" and 12O"-15O0C from t h e  r a t e  da ta  o f  Kovalev and Denisov t o  be 
17 k c a l  and 40 k c a l  p e r  mol, r e s p e c t i v e l y  (11). 
t o  ours. 

asphaltene and mal tene a t  137" and 172°C obey f i r s t  o r d e r  k i n e t i c s  (F igu re  2). 
r a t e  constants  es t ima ted  from these p l o t s  a r e  l i s t e d  i n  Table IV. 
t h a t  t h e  t r e n d  i n  r e a c t i v i t y  i s  o i l  sand, asphaltene, bitunicn and maltene i n  decreas- 
i n g  order. 
t h e  o x i d i z a b i l i t y  o f  t h e  f r a c t i o n s ,  which i n  t u r n  i s  a f u n c t i o n  o f  t h e  chemical com- 
p o s i t i o n  o f  t h e  sample. 

sumed: 9.3% appeared i n  t h e  v o l a t i l e  oxygen-conta in ing p roduc ts  and 45% i n  t h e  b i t u -  
men as determined by t h e  elemental a n a l y s i s  (Table V). The r e s t  was presumably con- 
v e r t e d  t o  water  and o t h e r  oxygenated compounds which were l o s t  d u r i n g  t h e  bitumen 
e x t r a c t i o n .  Table V shows t h a t  t h e  bitumen con ten ts  o f  non-oxygenated and oxygenated 
o i l  sand samples a r e  t h e  same, 13,3%. 
o f  t h e  former were 83.2 and 16.8 w h i l e  those o f  t h e  l a t t e r  were 76.1 
r e s p e c t i v e l y .  It should be noted t h a t  i n  these experiments t h e  oxygen was complete ly  
consumed and t h a t  t h e  a l t e r a t i o n  e f f e c t  o f  oxygen would have been much l a r g e r  i f  t h e  
oxygen concen t ra t i on  had been ma in ta ined  throughout  t h e  course o f  t h e  experiment. 

The s u b s t a n t i a l  increase i n  t h e  asphal tene con ten t  o f  t h e  oxygenated sample, a t  
t h e  expense of maltene, demonscrates t h a t  exposure o f  t h e  o i l  sand t o  a i r  has an ad- 
verse e f f e c t  on t h e  q u a l i t y  of t h e  bitumen. The inc rease  i n  asphal tene con ten t  would 
l i k e l y  l e a d  t o  an i nc rease  i n  t h e  y i e l d  o f  coke format ion and a l o w e r i n g  i n  t h e  y i e l d  
of s y n t h e t i c  crude i n  t h e  upgrading process. 
should t h e r e f o r e  be taken i n t o  c o n s i d e r a t i o n  i n  t h e  s to rage  o f  t h e  mined o i l  sands, 
e s p e c i a l l y  d u r i n g  t h e  summer months when sand temperatures cou ld  s i g n i f i c a n t l y  exceed 
ambient a i r  temperature. 
d u r i n g  s to rage  o f  l i q u i d  bitumen and i n  t h e  i n i t i a l  s tages o f  t h e  in s i tu  recovery 
processes of t h e  bitumen. 

The data ob ta ined  a r e  p l o t t e d  i n  F igu re  1. The 

I n  k = I n  A - Ea/RT 10) 

It i s  t o  be noted t h a t  an i nc rease  i n  temper- 
The 

I n  t h i s  temperature range, they  est imated an a c t i v a t i o n  energy o f  

We have a l s o  es t ima ted  t h e  a c t i v a t i o n  

These r e s u l t s  show t r e n d s  s i m i l a r  

The r a t e s  o f  disappearance o f  oxygen i n  bitumen a t  137", 172" and 207°C and i n  
The 

It i s  apparent  

It should be p o i n t e d  o u t  t h a t  t h e  r a t e  o f  oxygen uptake i s  a measure o f  

I n  t h e  o i l  sand experiment a t  130°C, t h e  6 mmol oxygen added was comp le te l y  con- 

However, t h e  mal tene and asphal tene con ten ts  
and 23.91, 

The p o s s i b i l i t y  o f  ae rob ic  o x i d a t i o n  

I t c o u l d  a l s o  be a f a c t o r  i n  a f f e c t i n g  bitumen q u a l i t y  
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'I Table I .  Composit ion o f  Gases from t h e  Ox ida t i on  o f  t h e  Athabasca O i l  Sand a t  130°Ca 

a 
I 
I 
I -  

Product  
l o - '  mol h r - '  kg-' o i l  sand 

N i  1 6 mmol N i  1 6 iiiniol -___ 
o s  02 

Methane 4.97 81.8 c 5  34.8 
Ethy lene 0.82 57.0 c 6  2.74 
Ethane 1.14 21.6 c 7  3.68 
Propylene 1.95 67.9 CH3CHO 5.5OC 
Propane 0.73 20.1 (CH3 )2CO n.o. 
i -Bu tane  0.20 1.74 co 11.1 
i -Bu tene  0.72 25.7 co2 2,830 
Butane . 14.5 29.5 cos 0.41 

Neo-pentane 20.0 n.d. 932 n.0. 

;The oxygen pressure was 150 t o r r  and t h e  sample was heated f o r  24 hours. 
,Not determined, due t o  t h e  l a r g e  i n t e r f e r i n g  peak of acetone. 

Butenes 0.35 7.70b H2S 35.7 

Not observed. 

37.0 
148.0 

11 - 5  
1,640 

459 
5,920 

56,400 
42.2 
n.0. 
23.4 

Table 11. Composit ion o f  Gases f rom t h e  Ox ida t i on  o f  t h e  
Athabasca Bitumen as a Func t i on  o f  Temperaturea 

I 
Ethy lene 
Ethane 
Propylene 
Propane 
<-Butane 
i -Butene 
n-Butane + Butenes 
Acetaldehyde 
Acetone 
Carbon monoxide 
Carbon d i o x i d e  
Carbonyl s u l f i d e  
S u l f u r  d i o x i d e  
Hydrogen s u l f i d e  

1.2 
n.0.b 

1.8 
n.0. 

0.6 
n.0. 

3.5 
2.4 

n.0. 
44.0 

330 
1 .o 

n.0. 
n.0. 

3.4 
2.5 
6.4 
4.5 
3.4 
2.1 
4.5 
108 

2,760 
392 

1,320 
7.7 
1.8 

n.0. 

lo- '  mol h r - '  p e r  100 g bitumen 

N i  1 3.3 mmol 3.6 nun01 02 - N i l  3.9 mmol 
02 02 

Product  137°C 172°C 207°C 

Methane 2.6 11.0 36.4 114 1,000 
52.1 21 171 
68.5 14 234 
59.0 2.0 209 
49.0 17 202 
41.8 13 41 .O 
23.4 n.0. 36.0 

476 20 440 
494 18 2,920 

2,830 n.0. 51,100 
421 213 12,400 

1,700 2,880 33,800 
129 39.0 556 
31 4 n.0. 28 

n.0. 1,270 270 

I 

:The samples had 250 t o r r  pressure o f  oxygen. a Not observed. 
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Table 111. Arrhenius Parameters f o r  the Uptake of Oxygen 
by Athabasca Oil Sand 

A 
hr-l k g - l  Time required t o  k Temp. 

"C !;;ls:$l kca:Tmol o i l  sand deplete  99% o f  0, added 

2.0 years  

17 days 

4.1 hours 

1 x 106 0.2 year  

6 x 1015 47 hours 

24 2.6 x 10-4 
60 2.6 x 1013 
85 1.1 x 10 2 

105. 9.8 x 
130 1.1 

Table IV. Rate Constants f o r  Oxygen Depletion 

Asphal tene Bitumen Mal tene t°C Oi 1-Sand 
hr-' kg o i l  sand hr-l per 100 g 

130 
137 
172 
207 

1.1 
0.22 
0.22 

0.076 0.055 
0.20 0.102 
0.36 

Table V .  Elemental Composition of Athabasca Oil Sanda 

C H N 0 S 
C02lb I 

Fraction 

Bi tumen 
13.3% none 82.58 10.26 0.39 1.36 5.22 
13.3% 6 mmol 82.21 10.09 0.40 1.99 4.95 

16.8% none 79.35 8.14 1.06 1.58 7.39 
23.9% 6 mmol 76.68 7.95 0.97 3.30 7.97 

83.2% none 83.74 10.90 0.20 1.03 3.78 
76.1% 6 mmol 83.05 11.09 0.09 0.99 3.87 

-330 g of t he  Athabasca o i l  sand was heated a t  130°C f o r  24 hours. 
bAn oxygen pressure o f  150 t o r r  was used. 

Asphal t ene  

Maltene 
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F i g u r e  1. D e p l e t i o n  o f  oxygen concen t ra t i on  as a f u n c t i o n  o f  t i m e  i n  t h e  Athabasca 
o i l  sand: A ,  24.T; 0 ,  6OOC; 0,  85°C; 0 ,  105°C. 

5c 

K-------s ! 

Tirnc. Hours 

F i g u r e  2. D e p l e t i o n  o f  oxygen concen t ra t i on  as a f u n c t i o n  of t ime i n  t h e  Athabasca 
bi tumen (o), asphal tene ( A )  and rnaltene (0 ) :  A, 137OC; 6, 172°C and 
e, bi tumen a t  207"C, abscissa reduced t o  h a l f .  
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